This paper presents an imaging system for high-throughput magneto-optical (MO) Kerr effect characterization of combinatorial materials libraries, which allows an efficient way to measure the Kerr rotation of all samples in a materials library. A laser was used as the light source to achieve high signal-to-noise ratio, and a charge coupled device was used to record the MO images so that we can get the Kerr rotation of every sample in the library simultaneously. Reasonable spatial resolution and high sensitivity for high-throughput characterization were also demonstrated.
Introduction
The magneto-optical Kerr effect (MOKE) has important applications in modern information technology, especially in the design and manufacture of high-density magneto-optical storage devices [1, 2] . In the search for novel MO storage materials, the Kerr rotation angle is one of the important parameters since higher Kerr rotation has a better signal-tonoise ratio.
Combinatorial screening is a new approach to material discovery and optimization. In this efficient approach, hundreds to thousands of material samples are synthesized simultaneously on a single substrate and characterized in a high-throughput way. This approach has increased the materials' study speed by a factor of 10-1000, especially for the systematic study of whole material systems [3] [4] [5] .
In the past several years, Tsui [6] , Russek [7] and Svedberg [8] applied the combinatorial approach in the search for MO storage materials. However, the lack of proper characterization tools limited the efficiency gain [9] [10] [11] . For example, Russek and co-workers deposited a Tb-(NiFe)-Co thin film library on a 3 in wafer using the off-normal co-sputtering technique. MO characterization was implemented using a scanning MOKE in a series mode (i.e., samples in the materials library were characterized one by one), and no quantitative Kerr rotation angle was given. Tsui and Ryan did similar work. To increase the throughput, Zhao et al [12] developed a MOKE imaging system which works in a parallel mode. Although a quantitative Kerr rotation angle was obtained, the limited brightness of the halogen lamp light source prolongs the exposure time to get a reasonable signal-to-noise ratio and so decreases the throughput. Zhu et al [13] set up a similar system using a Hg lamp and they believed that the diffraction effect caused by the high coherence of a laser blurs the MO image. Compared with the microscopy application, combinatorial MO material screening needs relatively low spatial resolution as the sample size in materials libraries is usually of the order of sub-millimetre. To this end, we designed a laser-based MOKE imaging system with a reasonable spatial resolution for combinatorial materials studies. The high brightness of the laser offers a high characterization throughput, high signal-to-noise ratio and high sensitivity. These performances are important for combinatorial materials screening. . A Helmholtz coil was used to produce a −6 to +6 kOe magnetic field along the direction perpendicular to the sample surface. The parallel laser beam incidence on the library is reflected. The reflected beam passes through a polarization analyser (Melles Griot) and projects on the sensitive elements of a charge coupled device (CCD) camera (Princeton Instruments, VersArray: 512F with 24 µm × 24 µm pixels) and is recorded by the camera.
System set-up
To access the Kerr rotation angle quantitatively, the polarization angle of the analyser was set at a small angle δ from the perpendicular direction of the polarizer, as shown in figure 2. Under this configuration, the Kerr rotation angle θ k caused by the applied magnetic field can be represented as
where E x and E y are the electric fields along the x and y axes in front of the analyser, respectively. Then, the light intensity after the analyser is
δ e x e y e p e a e B Figure 2 . Configuration of the polarizer, the magnetic field and the analyser. e p , e a and e B are the unit vectors along the directions of the polarizer, the analyser and the magnetic field, respectively. where C is a constant determined by the reflectivity of the sample. By measuring the light intensity at zero magnetization where the Kerr rotation is zero (and thus E x = 0)
we get
So, the MO images can be obtained through digital processing of two intensity images collected with and without the magnetic field.
Results and discussion
A common issue in laser projection imaging is the strong diffraction effect which would spoil the spatial resolution. To estimate this effect theoretically, a fully coherent illuminated Fresnel diffraction model (figure 3) was constructed and the diffraction pattern was calculated. Figure 4 shows the light intensity distribution on the receiving screen (CCD) for different sample-screen distances. For a discrete library, the resolvable criterion can be defined as the sample size when its diffraction spot (FWHM) reaches the centre-to-centre separation of the samples. The plot in figure 5 is the calculated resolution as a function of the sample-screen distance when the gap between the samples is 0.1 mm. From this figure, the resolvable size is about 0.36 mm and 0.62 mm for the 0. 
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Sample-screen distance (mm) Figure 5 . Spatial resolution as a function of the sample-screen distance for discrete and composition spread libraries.
•: for discrete library with the 0.1 mm sample-sample gap; : for composition spread library.
and 0.8 m sample-screen distances, respectively. This value decreases with the decrease of the sample-screen distance. Therefore, the closer the sample-screen distance, the better the spatial resolution.
For the composition spread library, the criterion can be defined as the sample size when its diffraction spot becomes twice its original size. The other plot in figure 5 is also this diffraction-limited resolution as a function of the samplescreen distance. The resolution limit for the 0.3 m samplescreen distance is about 0.29 mm.
In order to test the above estimation, we deposited an 800 nm Gd 1.6 Bi 1.4 Fe 5 O 12 thin film test library (library I) using a RF magnetron sputtering machine. A shadow mask was used to define the library. The size of the samples in the library is 600 µm × 600 µm spaced by 100 µm blank lines. Its picture under daylight is shown in figure 6(a) . Shown in figure 6(b) is its Kerr rotation angle image taken at 0.8 m from the library under the magnetic field of 1 kOe (close to its saturation field). The exposure time for I and I 0 was 4 s and 5 s, respectively. δ was set to 1
• . On this image, the sample squares cannot be resolved. However, the overall features of the library were kept. Shown in figure 6(c) from the library, and the sample squares can be resolved clearly. Therefore, the left measurements were all carried out at 0.3 m, which is currently restricted by the geometric arrangement in our set-up, to obtain a relatively better spatial resolution. As the MO rotation angle depends only on the ratio of I and I 0 for a fixed δ (equation (4)), its value will not change with the sample-screen distance when it is bigger than the resolvable size.
From the above analyses and experimental tests, the spatial resolution of our system is worse than the lamp-based MO imaging system [12, 13] which can reach 10 µm and 9 µm, respectively. However, this resolution is acceptable for highthroughput characterization for combinatorial MO materials screening as it can potentially characterize ∼1000 samples in a 10 mm × 10 mm area in ∼10 s.
We also deposited another thin film test library (library II) with sample composition and thickness using the quaternary mask.
In this library, one out of four samples is Gd 1.6 Bi 1.4 Fe 5 O 12 and the other three are non-magnetic films. Its MO image is shown in figure 7 . Obviously, the regions corresponding to the non-magnetic films are purely dark, although the films have different thickness and reflectivity, indicating that the signal responds only to the MO effect. We also measured the hysteresis loop of the magnetic sample in the library, which is depicted in figure 8 (dotted line) . As a comparison, a regular size bismuth-substituted rare earth iron garnet film was deposited under the same conditions. The other plot in figure 8 is the MO hysteresis loop (triangles) measured using the regular MOKE technique at Fudan University. Their consistency indicates that this system can obtain a quantitative Kerr rotation angle. 
where N and N 0 are the counts of I and I 0 , respectively. The fluctuation of the laser power, the quantum noise in photonelectron conversion, the readout noise and the dark current of the CCD are neglected as they are much smaller compared with the Poisson fluctuation. We also supposed that the mechanic support is rigid enough so that the dithering of δ is neglectable. For the 16 bit CCD, the well capacity is 65 535. By adjusting the exposure time so that both N and N 0 are near full well and taking into account that θ k is less than or of the same order as δ, the intrinsic sensitivity is estimated to be
This sensitivity is better than the system of Zhao [12] which is 0.03
• -0.06
• . Currently, the image area of one shot is limited by the size of the polarizer to 10 mm × 10 mm. Due to the short exposure time, it is very convenient to link the images from different regions of a large materials library. As shown in figure 9 (a), we combined four consecutive MO images from a 34 mm long Gd 3−x Bi x Fe 5 O 12 (0 < x < 3, deposited using the RF co-sputtering technique) thin film composition spread (δ was set to 3
• ). Figure 9 (b) is the Kerr rotation angle as a function of the bismuth content x. At first, the Kerr rotation increases almost linearly with the bismuth content. When x exceeds 2, the Kerr rotation vanishes rapidly due to the nonmagnetic phase formation, which is in good agreement with the literature [14] .
Conclusion
We have developed a MO imaging system for high-throughput magneto-optical characterization of combinatorial materials libraries. With this system, we can quantitatively characterize the Kerr rotation angle of MO materials libraries with a reasonable spatial resolution and high sensitivity.
